Intraerythrocytic malaria parasites can obtain nearly their entire amino acid requirement by degrading host cell hemoglobin. The sole exception is isoleucine, which is not present in adult human hemoglobin and must be obtained exogenously. We evaluated two compounds for their potential to interfere with isoleucine utilization. Mupirocin, a clinically used antibacterial, kills Plasmodium falciparum parasites at nanomolar concentrations. Thiaisoleucine, an isoleucine analog, also has antimalarial activity. To identify targets of the two compounds, we selected parasites resistant to either mupirocin or thiaisoleucine. Mutants were analyzed by genome-wide high-density tiling microarrays, DNA sequencing, and copy number variation analysis. The genomes of three independent mupirocin-resistant parasite clones had all acquired either amplifications encompassing or SNPs within the chromosomally encoded organellar (apicoplast) isoleucyl-tRNA synthetase. Thiaisoleucineresistant parasites had a mutation in the cytoplasmic isoleucyl-tRNA synthetase. The role of this mutation in thiaisoleucine resistance was confirmed by allelic replacement. This approach is generally useful for elucidation of new targets in P. falciparum. Our study shows that isoleucine utilization is an essential pathway that can be targeted for antimalarial drug development.
H uman malaria afflicts ∼250 million people annually and results in nearly 1 million deaths (1) . The most deadly of the four human malaria-causing parasites, Plasmodium falciparum is increasingly acquiring resistance to all available chemotherapeutics agents (2) . To expand the repertoire of antimalarial targets, we focused on proteins within the isoleucine acquisition pathway. A complete amino acid supply is crucial for rapidly developing blood-stage parasites. Most amino acid biosynthetic pathways are absent in parasites (3) . However, multiple pathways exist to ensure amino acid acquisition: they may be taken up directly from the medium or may be obtained from hemoglobin degradation. Isoleucine is unique in that it is the only amino acid that is not present in human adult hemoglobin. It is the sole amino acid that must be supplied exogenously to growing parasites (4) .
Aminoacyl-tRNAs (AA-tRNAs) are ribosome substrates that pair codons with the cognate amino acids during the elongation phase of protein synthesis. AA-tRNAs are synthesized by the 3′-esterification of tRNAs with the appropriate amino acid by aminoacyl-tRNA synthetases (AARSs) (5) . The accuracy of AARSs is critical for the overall fidelity of protein translation. The cytosol, the apicoplast, and the mitochondria are translationally active compartments of apicomplexan parasites and require charged tRNAs; however, only the cytosol and the apicoplast contain AARSs, while mitochondria are thought to import charged tRNAs (6) .
The P. falciparum genome of malaria parasites encodes two potential isoleucyl-tRNA synthetases (IRSs) with accession numbers PF13_0179 and PFL1210w. The predicted enzymes are distantly related with sequence identity of only 20%. The predicted sequence of PF13_0179 is more similar to human IRS, with a sequence identity of 47.5%, whereas that of PFL1210w is more similar to bacterial IRS; the enzyme shares 29.3% identity with the IRS from Streptobacillus. The PF13_0179 product is predicted to be cytoplasmic, whereas the PFL1210w product is predicted to be targeted to the apicoplast (6) . We refer to PF13_0179 as cyto-IRS and PFL1210w as api-IRS.
We report that in P. falciparum the isoleucine analog thiaisoleucine specifically interacts with the cyto-IRS, whereas mupirocin inhibits the activity of the api-IRS. Both compounds kill parasites and the midnanomolar IC 50 values for mupirocin validate the drug as a lead compound. Point mutations in compound-resistant parasites were identified by genomic analysis including high-density tiling microarrays. Confirmation of the role of a mutation in thiaisoleucine resistance by allelic replacement illustrates the utility of this approach to validate drug targets.
Results

Thiaisoleucine and Mupirocin Interact with Isoleucine Utilization
Targets. Thiaisoleucine is an analog of isoleucine that has substitution of the γ-methylene group by a sulfur atom (SI Appendix, Fig. S1 A and B). The compound kills blood stage parasites at micromolar concentrations (4) . The potency of thiaisoleucine was attenuated by increasing the isoleucine concentration in the media in which parasites were maintained (Fig. 1A ). This suggests that thiaisoleucine directly competes with isoleucine for a target. Mupirocin (SI Appendix, Fig. S1C ) is a compound in clinical use for treatment of methicillin-resistant Staphylococcus aureus infections. This compound killed parasites at midnanomolar concentrations (Fig. 1B) . Like thiaisoleucine, IC 50 values for mupirocin increased with increasing extracellular isoleucine concentrations, although the magnitude of the IC 50 change was smaller.
Kinetics of Parasite Death. The kinetics of death was different for thiaisoleucine and mupirocin. Ring-stage parasites treated with thiaisoleucine were inhibited in development and did not reinvade successfully even after removal of drug ( Fig. 2A) . Mupirocintreated cultures appeared normal for more than one complete asexual cycle but failed to develop invasion-competent parasites in the second cycle. This "delayed death" phenotype is similar to what is observed for other compounds that act against apicoplast targets such as clindamycin and azithromycin (7) . Ultimate growth inhibition by mupirocin was not affected by removal of the drug in the first cycle (Fig. 2B) . The failure of parasites to recover from drug treatment after removal of either thiaisoleucine or mupirocin indicates that the drugs act irreversibly. The distinct kinetics of parasite killing by the two compounds suggests that they inhibit different isoleucine utilization targets.
When parasites are starved of isoleucine, they rapidly sense the amino acid deficit and respond by phosphorylation of eIF2α to shut off general translation (8) . Increased eIF2α phosphorylation is a sensitive indicator of starvation. It occurs at isoleucine concentrations that fail to support optimal growth (<20 μM) (SI Appendix, Fig. S2 ) (4) . Neither compound elicited this starvation response in treated parasites (Fig. 2C) .
Selection of Thiaisoleucine-Resistant Parasites. To determine the target of thiaisoleucine, we selected resistant parasites. We used 4 × 10 7 parasites in a single-step selection, as described elsewhere (9) . Resistant parasites growing in 20 μM isoleucine were selected with 20 μM thiaisoleucine (IC 80 ). Several different parasite strains were used, but only 3D7 yielded resistant parasites. Drug treatment cleared the culture of detectable parasites, and surviving parasites became visible at day 19 after drug addition, approximately the amount of time that it would take for a single parasite to overgrow the culture. Resistant parasites were cloned by limiting dilution and assessed for ability to grow in thiaisoleucine-containing media. All clones analyzed (25 total) were approximately twofold resistant (Fig. 3A) . Similarly to WT parasites (Fig. 1A) , the IC 50 values of resistant parasites increased with higher isoleucine concentrations (SI Appendix, Table S3 ). This suggests that thiaisoleucine interacts with a target that requires isoleucine for activity.
Thiaisoleucine-Resistant Parasites Carry a Mutation in the Gene for the Cytoplasmic Isoleucyl-tRNA Synthetase. DNA isolated from two thiaisoleucine-resistant parasite clones was analyzed using highdensity tiling microarray. This array contains ∼6 million 25-mer probes that are complementary to the 26 million bp P. falciparum genome and spaced on average every two to three bases throughout nonredundant coding regions. This high coverage means that the majority of newly emerged SNPs in a drugresistant clone can be readily detected as a loss of signal at multiple consecutive probes covering the SNP. The probability of a genomic change is calculated from the number of consecutive probes showing a hybridization difference relative to the parental reference genome (10) . The hybridizations of the two clones were compared with two 3D7 reference hybridizations using a P value cutoff of 1 × 10 −10 . The putative polymorphisms were filtered to include only those in which more than one probe displayed loss of hybridization.
The microarray analysis revealed subtelomeric deletions as well as seven putative polymorphisms in the resistant clone (Dataset S1). We analyzed the putative polymorphisms by sequencing. Two potential mutations in chromosomes 1 and 7 were subtelomeric, did not reside in predicted genes, and could not be sequenced. Of the remaining five putative polymorphisms, four contained WT sequences. The other genomic change was on chromosome 13 in PF13_0179, a gene encoding a predicted cytoplasmic IRS (Fig. 3B) . Sequencing showed that the hybridization difference was the result of a A2430T mutation, resulting in the change of amino acid 810 from L to F. The amino acid mutated in the resistant lines is located in the Rossmann fold, a highly conserved and well-structured domain of IRSs (Fig. 3C ) (11) . This domain binds isoleucine and ATP and is responsible for activating and transferring the amino acid to the tRNA Ile that carry antibiotic resistance (12, 13) . We hypothesized that the mutation in the predicted IRS (PF13_0179) is likely responsible for thiaisoleucine resistance.
Confirmation of the Mutation Role in Resistance. To confirm that the mutation of L810F in PF13_0179 is responsible for resistance to thiaisoleucine, we performed allelic replacement with a single crossover homologous recombination construct encoding the amino acid change (SI Appendix, Fig. S3 ). In addition, a C-terminal GFP tag was introduced. This approach produces a single copy of a fluorescently tagged protein that is expressed at the native locus under control of the native promoter (14) . In addition to the L810F change, the construct was engineered to carry a synonymous KasI restriction site just upstream of the allelic replacement codon that allows for easy screening of transfectants. Depending on the site of homologous recombination, parasites will express either the WT or the mutant enzyme (SI Appendix, Fig. S3A ). The allelic replacement vectors contained a human dihydrofolate reductase (hDHFR) cassette that allows selection of plasmid-containing parasites with the antifolate WR99210. Two independent transfections of WT 3D7 parasites were performed. Transfected parasites were never exposed to thiaisoleucine; WR99210 was used for selection. Using PCR, we analyzed 40 clones, 15 of which were WT at the KasI locus, whereas 25 were mutant. A subset (2 WT and 2 mutant from each transfection for a total of eight clones) was sequenced and the expected integration was confirmed by Southern blot (SI Appendix, Fig. S3B ). Sensitivity to thiaisoleucine was determined at two isoleucine concentrations. All parasite clones containing the introduced L810F mutation tolerated approximately twice the concentration of drug compared with untransfected parasites or compared with transfected parasites expressing WT enzyme ( Fig. 3 D and E). Other than resistance to thiaisoleucine, we could not detect a phenotypic difference between the parental strain and thiaisoleucine-resistant selected parasites or parasites carrying the allelic replacement. The mutation was not deleterious to asexual blood-stage parasites, as it was preserved over 4 mo of continuous culturing.
Mupirocin Targets the Apicoplast Isoleucyl-tRNA Synthetase. To identify the target of mupirocin, drug-resistant parasites were selected. Three independent selections yielded mupirocinresistant parasites. Selections 1 and 2 were carried out using the 3D7 strain at 500 nM (1) or 150 nM mupirocin (2). Selection 3 was performed using the HB3 strain at 300 nM mupirocin. HB3 is naturally about threefold more resistant to mupirocin than all other strains investigated. Resistant parasites became noticeable ∼20 d after drug addition in each case and were cloned and analyzed for ability to replicate at increasing mupirocin concentrations. Clones MR1, MR2, and MR3 from selections 1-3 above, respectively, were found to be 18-, 13-, and 10-fold resistant to mupirocin compared with the respective parental clone (Fig. 4 A-C). DNA from cloned, resistant MR1 was hybridized to the tiling microarray. Comparison with two reference hybridizations of WT 3D7 using a P value cutoff of 1 × 10 −10 and the filter step described above revealed six potential polymorphisms in addition to several subtelomeric deletions (Dataset S2). We analyzed the putative polymorphisms by sequencing and found that only two of the six potential mutations were real. of T to C at this position results in an amino acid mutation of L 683 to P. PFD1005c encodes an erythrocyte membrane protein (PfEMP1) that is an adhesion molecule. We considered it unlikely for PfEMP1 to contribute to mupirocin resistance. The other mutation was a nonsynonymous change of C to T at bp 4034 in the gene PFL1210w (Fig. 4D ). This gene encodes api-IRS and the mutation changes proline 1233 to serine. Like the L810F mutation in cyto-IRS, api-IRS P1233 is located in the highly conserved Rossmann-fold of AARSs (Fig. 4E) . A change of proline to serine may destabilize the helix that P1233 is predicted to initiate and could rearrange side chains critical for mupirocin binding. Comparing MR2 to 3D7 using genome-scanning microarray analysis showed subtelomeric deletions in MR2 that frequently arise in response to long-term culturing as well as seven potential SNPs in nonantigenic protein-coding regions (Dataset S3). We determined by sequencing that only three of the seven potential SNPs were real mutations. Two reside in predicted proteins of unknown function (MAL7P1.154a and PFL2410w) and one in PFL1210w, the api-IRS gene (SI Appendix, Fig. S4 ). Of the three proteins with mutations in the MR2 clone, only PFL1210w contains an apicoplast-targeting sequence. The mutation in PFL1210w is a deletion of bp256-258, corresponding to the deletion of threonine 86. We were unable to determine the mechanism by which ΔT86 decreases sensitivity to mupirocin. T86 is unlikely to localize to the enzyme active site. It resides in the C-terminal end of the predicted apicoplast targeting sequence, adjacent to intron 1. We considered the possibility that Δ256-258 may result in altered splicing. mRNA was prepared and analyzed but the splicing of the mutant was found to be unchanged. SI Appendix, Fig. S5A , illustrates the api-IRS gene structure and position of the Δ256-258 and C4034T mutations.
Genome-scanning of MR3 detected a gene amplification surrounding PF1210w as well as an amplification within the amplification (Fig. 4G ), in addition to subtelomeric deletions and SNPs in genes encoding variant surface antigens (Dataset S4). Sequencing confirmed that there were no mutations in the api-IRS gene in clone MR3. However, Southern blotting did show that MR3 has an increased number of gene copies (Fig. 4F) . Importantly, none of the subtelomeric deletions or SNPs in MR1, MR2, and MR3 were common among the three independent resistance selections, whereas all three strains contained lesions with PFL1210w. Other than resistance to mupirocin, we could not detect a phenotypic difference between selected and WT parasites. Neither the deletion of T86 nor the P1233S change was deleterious to asexual blood-stage parasites, as the mutations were preserved over 3 mo of continuous culturing.
Attempted Allelic Replacement of api-IRS. We attempted to introduce the P1233S mutation of mupirocin-resistant parasites into the parental strain by allelic replacement. The C-terminal portion of the gene (bp2815-5503) was amplified by PCR and cloned into the allelic replacement construct described above for cyto-IRS. The C4034T mutation was introduced into one targeting construct. To facilitate screening of transfectants a HindIII site at bp4013 was mutated in the construct carrying the C4034T change (SI Appendix, Fig. S5B ). Both WT and mutant constructs were transfected into both 3D7 and mupirocinresistant clone MR2 parasites (ΔT86). WR99210-resistant parasites were obtained and analyzed after two rounds of WR99210 cycling. Three to six independent transfections were examined for each. PCR amplification indicated correct targeting of the construct to the api-IRS locus. However, none of the 68 recombinants contained the mutated HindIII site at bp4013 or the C4034T change (SI Appendix, Fig. S5B ). Thus, homologous recombination always occurred C-terminal to the mutations.
We considered the possibility that either or both mutations could impart a growth disadvantage and be subject to negative selection. To test this hypothesis, we transfected the MR1 clone (which has the C4034T api-IRS mutation) with the WT allele. Targeting constructs contained intron 3 (SI Appendix, replacement constructs integrated into the api-IRS genes (SI Appendix, Fig. S6B ) but none of the 40 recombinants had replacement of C4034T (SI Appendix, Fig. S5C ). We conclude that the region upstream of bp4034 is inaccessible to homologous recombination.
Two Plasmodium IRSs Localize to Distinct Compartments in the
Parasite. We used fluorescence microscopy to experimentally determine the location of the two predicted P. falciparum IRSs.
To localize PF13_0179 in the parasite, the C-terminally GFPtagged version of the enzyme described above was used. GFP fluorescence was observed in the parasite cytoplasm, confirming that the gene is expressed during the erythrocytic stages and that it is localized in the proper compartment for the bulk of protein synthesis (Fig. 5A) . Fluorescence intensity and localization were identical for the WT and the thiaisoleucine-resistant version of the enzyme. Expression was maximal in trophozoite and early schizont-stage parasites. The predicted coding region for PFL1210w (1696 aa) is larger than that of PF13_0179 (1272 aa). In addition to a number of insertions that are distributed throughout the sequence, PFL1210w also carries an N-terminal extension that encodes a predicted signal peptide and a transmembrane domain. The PATS prediction program gives a high likelihood of apicoplast-targeting with a score of 0.996 (15) . PFL1210w appears to be expressed at low levels in erythrocytic stages: mass spectrometry detected only one peptide of the large protein (16), and we could not detect fluorescence upon expressing the gene with a C-terminal GFP tag using the native promoter. To investigate the localization of PFL1210w, we fused the N-terminal 92 amino acids in frame with GFP and expressed the construct under a strong (hsp86) promoter (17) . In live parasites, the GFP signal was present in ribbon-like structures characteristic for the apicoplast and it became more abundant in later stages of parasite development (Fig. 5B) . The GFP signal colocalized with the well-characterized apicoplastresident protein acyl carrier protein by immunofluorescence (Fig.  5C ). This supports a function for PFL1210w in the apicoplast.
The delayed death phenotype of mupirocin-treated parasites (Fig. 2B ) also suggests that the drug target is localized in the apicoplast. Delayed death has been described in detail for parasites of the phylum Apicomplexa (7, 18) . It is observed when apicoplast gene transcription or translation is inhibited. Hallmarks of delayed death include failure to develop invasioncompetent merozoites in the second cycle and no effect in the first cycle of parasite growth. Furthermore, washout of drug in the first cycle does not alter drug potency. Mupirocin has been well characterized as a tight-binding competitive inhibitor of bacterial IRSs (19) , which show sequence similarity to P. falciparum api-IRS.
Discussion
We have evaluated two compounds potentially active against Plasmodium isoleucine utilization to gain insight into the utility of this pathway as a drug target. We succeeded in raising drugresistant parasites for both compounds and have shown that the two compounds interact with different enzymes. Thiaisoleucineresistant parasites maintain mupirocin sensitivity, and mupirocinresistant parasites are WT in their response to thiaisoleucine (SI Appendix, Table S6 ). Mupirocin is potent against malaria parasites and is the most effective delayed-death drug described thus far. It is a clinically approved drug, but is restricted to topical use because it is rapidly hydrolyzed in body fluids at its ester bond (20) . Still, the potential for new, improved mupirocin analogs with good activity against malarial api-IRS is high. Thiaisoleucine is not a drug lead; the amino acid analog has limited potency against parasites and likely has a low therapeutic index. Nevertheless it is a valuable tool to study isoleucine acquisition and indicates that simple isoleucine analogs can be incorporated by the cyto-IRS, resulting in parasite toxicity.
Identification of drug targets by selection of compoundresistant parasites raises an important issue. If resistance develops, does this mean that a particular enzyme is not a good target? We believe that resistance developed in the laboratory should not be considered a deterrent to drug development. Malaria parasites develop rapid resistance to most agents. Drugs such as chloroquine, to which resistance cannot be achieved with single-point mutants, are rare. Consequently, monotherapy is never acceptable, and multiple new targets are urgently needed, as all present drugs are failing.
Drug resistance might arise from unexpected and undetected mutations elsewhere in the genome and validation must be carried out. We succeeded in validating the interaction of cyto-IRS with thiaisoleucine by recapitulating resistance in WT parasites after introduction of a single amino acid change into the cyto-IRS gene. Unfortunately, we could not directly validate that a single amino acid change in api-IRS gives rise to mupirocin resistance. It is unclear why homologous recombination in api-IRS always occurred in the C-terminal portion of the gene. Based on the position of the mutation in the targeting construct, we expected ∼30% of clones to carry the change. Mechanisms other than length of homologous sequence must at least partially regulate recombination sites. The api-IRS gene contains a number of low complexity regions. These regions may be important for frequency of recombination. Most likely, low complexity sequences in api-IRS also prevented us from obtaining fulllength clones for overexpression in the parasites. Our assessment of the mupirocin target therefore relies on the repeated appearance of mutations and amplifications in the api-IRS gene in independent drug selections. Tiling microarray analysis on three independently obtained mupirocin-resistant parasite clones showed that changes in only one gene, PFL1210w, the gene encoding api-IRS, are in common among the resistant parasites, a finding that is highly unlikely to occur without cause. In bacteria, mupirocin resistance results from mutations in the IRS gene, uptake of a plasmid encoding a homologous IRS, or increased copy numbers of the gene (13) . Similar mechanisms appear to permit growth of malaria parasites in mupirocin: we characterized two clones with point mutations in the api-IRS gene and one clone with a gene amplification.
Although cyto-IRS interacts with thiaisoleucine, inhibition of the synthetase is not likely the cause of parasite death. Inhibition of IRS activity would be expected to result in accumulation of uncharged tRNA Ile similar to amino acid starvation. However, thiaisoleucine-treated parasites do not initiate an amino acid starvation response (Fig. 2C) . Parasites may instead be poisoned 
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by thiaisoleucine incorporation into newly translated proteins. Consistent with this idea is the limited recovery of parasites after thiaisoleucine removal ( Fig. 2A) . Previous studies in other organisms have described the following: (i) thiaisoleucine competes with isoleucine for binding to the synthetase; (ii) tRNA Ile can be charged with thiaisoleucine; (iii) the analog can be incorporated into polypeptides; and (iv) neither the ribosome runoff nor the protein chain elongation is affected by substitution (21) . Given the high conservation of Plasmodium and mammalian IRSs, it is probable that thiaisoleucine acts similarly in the parasite. New drugs against malaria are urgently needed. Two recent publications describing thousands of compounds active against blood-stage malaria give us hope (22, 23) . However, elucidation of the compound targets is important for drug development. This paper describes an approach to identify and validate chemotargets in P. falciparum. The natural mutational frequency of malaria parasites is high enough to isolate drug-resistant parasites. Sites of nonsynonymous changes or gene amplification in resistant parasites can then be identified with high-density microarray. By genetically replacing WT with mutant versions of the target gene, validation of the mechanism of drug resistance can be achieved.
Materials and Methods
Reagents. DL-thiaisoleucine and mupirocin were obtained from Sigma. Other reagents are described in SI Appendix.
Vector Construction, Culturing of Parasites, Transfections. Southern and Western Blotting, and Fluorescence Microscopy. Details of vector construction, parasite culturing, transfections. Southern and Western blotting. and fluorescence microscopy are given in SI Appendix.
Selection of Resistant Parasites. For thiaisoleucine-resistance selection, the compound was added at 20 μM to asynchronous parasite cultures (parasitemia of 1%) that had been maintained in media containing 20 μM isoleucine for 4 wk before the experiment. Several laboratory strains of P. falciparum were used in the selection (HB3, Dd2, W2, and 3D7), and for each selection ∼4 × 10 7 parasites were used. After addition of thiaisoleucine, parasite growth medium was changed twice daily for 6 d,and once daily thereafter. Every 6 d, parasites were diluted 1:1. Several selections were attempted, but only one with 3D7 yielded resistant parasites. Mupirocinresistance selection was performed in normal RPMI medium (382 μM isoleucine). All successful selections started with 1 × 10 6 asynchronous parasites (parasitemia of 0.5%). Selections 1 and 2 were carried out using the strain 3D7 and 500 nM or 150 nM mupirocin. Selection 3 was carried out with the strain HB3 and 300 nM mupirocin. Surviving parasites became visible 21, 23, or 21 d after drug addition for selection 1, 2 or 3, respectively. No resistant parasites were obtained with strains Dd2 and W2. From each selection, parasites were cloned, and at least two clones were characterized. Clones from the same selection did not show differences, and we report data from one clone from each selection (MR1 from selection 1, MR2 from selection 2, and MR3 from selection 3). Media changes and parasite dilutions were performed as for the thiaisoleucine selection.
Tiling Microarray Analysis on Resistant Parasites. Tiling microarray analysis was performed as previously described (10) . For TR1, TR2, MR1, and MR3, the z test in the polymorphism detection used a P value cutoff of 1 × 10 −10 and reference 3D7 or HB3 hybridizations. For MR2 a P value cutoff of 1 × 10
and three different reference 3D7 hybridizations were used to identify putative SNPs. Predicted polymorphisms that had decreased relative hybridization intensity in more than one probe were considered. Additional methods are described in SI Appendix. 
Vector construction.
For construction of the allelic replacement construct for cyto--IRS, the entire predicted coding sequence was amplified by PCR. To allow for in--frame expression with GFP, the stop codon of the gene was removed and the gene was cloned using
Infusion cloning into pPM2GT (1) . The mutation at bp 2430 and the KasI site were introduced by mutagenesis. Exon 1 of api--IRS (bp 1--275) was amplified and cloned in--frame with C--terminal GFP into an episomal expression vector with the strong hsp86 promoter (2) . For the allelic replacement of api--IRS, bp 2815--5500 were cloned into pPM2GT. Specific primers are listed in Table S7 .
Culturing of parasites.
Parasites were maintained in RPMI 1640 containing 11mM glucuose, 30mM sodium bicarbonate, 1mM sodium pyruvate, 0.11mM hypoxanthine, 10µg/ml gentamycin supplemented with 5g/liter Albumax at 2% hematocrit in O blood cells, with 5%
oxygen and 5% carbon dioxide according to Trager and Jenson (3) . For experiments requiring concentrations of isoleucine different from normal RPMI medium (382 µM), media was prepared from components using a 100x RPMI--vitamin solution purchased from Sigma. Synchronization was achieved with 5% sorbitol.
Transfections and Southern blotting.
Transfections were performed with 3D7 ring--stage parasites. Transfections were done in duplicate or triplicate with 100 µg of supercoiled DNA each using low voltage/high capacitance (4). 10nM WR99210 was added to mature ring--stage parasites one cycle after transfection and used to select resistant parasites. For
Southern blotting, 1.5 to 1.9 µg of total DNA was digested with the indicated enzymes. Gene--specific signals were generated by PCR and detected with the AlkPhos direct method. To investigate gene amplification of api--IRS, plasmepsin I was used as a standard for a single copy gene (5).
IC50 determinations.
Thiaisoleucine was prepared in isoleucine--free RPMI1640. Mupirocin was prepared in DMSO; DMSO concentration was kept constant at 0.1%. The parasitemia at each drug concentration was determined for triplicate cultures. First cycle killing experiments typically were set up with a parasitemia of 1% and were terminated after re--invasion when drug--free (control) parasites were at the trophozoite stage.
Delayed--death killing experiments were initiated with a parasitemia of 0.3% and terminated when drug--free (control) parasites had reinvaded two times. Parasites were counted on a BD FACS--Canto flow cytometer using acridine orange (50µg/ml) as the DNA stain. Parasites were either counted immediately or fixed in 4% paraformaldehyde/0.0075% gluteraldehyde.
Western blotting.
Approximately 30 million parasites for each experimental condition were loaded onto denaturing, reducing polyacrylamide gels. 
Fluorescence Microscopy.
Fluorescence microscopy was performed with an Axioscope epifluorescence microscope (Zeiss) as described (6) . The DNA--stain for live parasites was DAPI and
Hoechst 33342 was used for parasites fixed in 4% paraformaldehyde/0.0075%
gluteraldehyde. For immuno--fluorescence, goat anti--GFP was used at a dilution of 1:100. Rabbit anti--ACP was a gift from Dr. GI McFadden (University of Melbourne)
and was used at a dilution of 1:5000.
Tiling microarray analysis on resistant parasites.
Tiling microarray analysis was performed as described (7) . Briefly, genomic DNA was isolated using the QIAamp DNA blood kit. C4034T was preserved in all transfectants indicating that crossover could not be achieved upstream from the site of the mutation. The grey arrow marks the wild type (3.5kb), the white arrow marks the plasmid (7.6kb), and the black arrows mark the integration (4.2kb and 6.9kb). 
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